Interest in land application of organic amendments-such as biosolids, composts, and manures-is growing due to their potential to increase soil carbon and help mitigate climate change, as well as to support soil health and regenerative agriculture.
| INTRODUCTION
Organic amendments-materials of plant or animal origin that can be added to soil, such as manures, biosolids, green wastes, and composts-are applied to millions of acres of mesic or irrigated croplands each year, where they can boost soil carbon (C) and fertility (Diacono & Montemurro, 2010; Hargreaves, Adl, & Warman, 2008; Khaleel, Reddy, & Overcash, 1981; National Research Council, 2002) .
There is currently a resurgence in interest and funding for soil health practices including organic amendment applications because of their on-site and public benefits, including contribution to climate change mitigation . Organic amendments have also been applied to rangelands, often to boost plant productivity in areas that have been heavily grazed or eroded (Fresquez, Francis, & Dennis, 1990; Hanke, Gröngröft, Jürgens, & Schmiedel, 2011; Kowaljow, Mazzarino, Satti, & Jiménez-Rodríguez, 2010) , or as an alternative to landfill disposal of the materials (Cabrera et al., 2009; Sullivan, Stromberger, Paschke, & Ippolito, 2006) . Interest in organic amendment application to rangelands has been increasing in parallel to soil health efforts in croplands, bolstered by growing interest in using these materials to restore degraded rangelands, a need that may expand as global changes increasingly challenge these lands (Huang et al., 2017) .
However, practices seeking to increase soil C might be less effective on untilled rangelands than on croplands, pastures, or restoration sites such as abandoned mines, since prior soil disturbance of most cropland, pasture, or restoration sites would decrease soil C pools, enabling greater proportional increases in soil C pools following amendments (Lal, 2018; Larney & Angers, 2012) . In general, the efficacy and outcomes of this practice on rangelands are relatively poorly studied, and the potential for negative environmental consequences are higher in rangelands than croplands due to their starkly different ecology and management context, as detailed below.
Rangelands cover more than 30% of terrestrial lands, and include grasslands, savannas, scrub, and woodlands. Domestic livestock grazing is the primary, and often only, viable economic use of rangelands; across their vast area, these lands support the livelihoods of approximately 1 billion people (Sayre, McAllister, Bestelmeyer, Moritz, & Turner, 2013) . Unlike crop or pasture-based systems, rangeland management does not typically include tillage, irrigation, nutrient inputs, or other intensive practices. Instead, rangelands are typically managed as natural or seminatural ecosystems, in which managers are often, though not always (e.g., Bedunah & Angerer, 2012) , able to manage livestock not only for beef production, but also for ecological outcomes such as invasive plant control, fire fuels reduction, protected species habitat, and, more recently, soil C storage. Collectively, these rangeland ecosystem services benefit billions more people globally (Havstad et al., 2007; Sayre et al., 2013) . In many regions, including biomes such as temperate grasslands and Mediterranean ecosystems where biodiversity is most threatened (Hoekstra, Boucher, Ricketts, & Roberts, 2005) , rangelands are an important biodiversity stronghold (e.g., Cameron, Marty, & Holland, 2014) . Many rangeland managers recognize the multifunctional nature of these landscapes, and will often, though not always (e.g., Cáceres, Tapella, Quétier, & Díaz, 2015) , consider the impacts of new management practices-such as organic amendment application-on both the economic and ecological sustainability of their operations (Roche et al., 2015) .
Most rangelands today are found in arid, semiarid, or Mediterranean climates, as mesic nonforested lands tend to be converted to croplands or pastures with higher economic returns (Sayre, 2017) . In these dry climates, temperature and precipitation patterns-which are highly variable within and between years-exert stronger controls on vegetation productivity and composition than do human management actions (Booker, Huntsinger, Bartolome, Sayre, & Stewart, 2013; Westoby, Walker, & Noy-Meir, 1989 ). This has two implications for the outcomes of management practices such as organic amendment additions. First, if application of a practice does not happen to coincide with climatic conditions that enable the system to respond to it, the practice may not have the intended impact (Brown & Herrick, 2016; Derner et al., 2018; Walton, Herrick, Gibbens, & Remmenga, 2001 ). For example, if a series of dry years followed amendment application, opportunities for amendment nutrients to stimulate plant growth may be limited. Second, if a management practice does lead to a change in the system state but the manager determines the change to be undesirable, climatic patterns may constrain the manager's ability to reverse the change (Friedel, 1991; Westoby et al., 1989) . For example, if amendment application promoted a fire-prone invasive plant, subsequent dry years that encouraged fires might reinforce the dominance of the undesirable species, regardless of management efforts. The typically low revenue per acre on rangelands (Huntsinger, Bartolome, & D'Antonio, 2007) may reinforce this constraint, by limiting capital available to invest in intensive management practices such as herbicides to remove undesirable vegetation.
Despite the possibility that organic amendments are less beneficial in dry rangelands than in more mesic systems, studies to date have shown that organic amendment applications to rangelands can provide certain benefits, including boosting forage quantity and quality for livestock (e.g., Martínez, Cuevas, Calvo, & Walter, 2003; Jurado-Guerra, Luna-Luna, Flores-Ancira, & SaucedoTeran, 2013) , reducing soil erosion (e.g., Ros, Garcia, & Hernandez, 2001; Crohn, Chaganti, & Reddy, 2013) , increasing activity and biomass of soil microbial communities (e.g., Tarrasón, Ojeda, Ortiz, & Alcañiz, 2010; Torres, Bastida, Hernández, Albaladejo, & García, 2015) , and improving water retention (e.g., Albaladejo, Castillo, & Díaz, 2000; Rostagno & Sosebee, 2001) . Recent work has also highlighted the potential for increased C storage in Mediterranean-climate rangelands following amendment application (Ryals, Hartman, Parton, DeLonge, & Silver, 2015; Ryals, Kaiser, Torn, Berhe, & Silver, 2014; , which could provide climate change mitigation (DeLonge, . Considering the enormous area of rangelands, these results have spurred the inclusion of organic amendment application to rangelands as a strategy in large-scale assessments of how natural and working lands can contribute to mitigating climate change (Cameron, Marvin, Remucal, & Passero, 2017) .
Although organic amendment applications to rangelands may provide benefits, applications can also pose risks to public health or GRAVUER ET AL.
| 1153 the environment. For example, some amendments contain heavy metals such as nickel, lead, and cadmium, which may leach into soils and water supplies and accumulate in plants, animals, and humans (Goss, Tubeileh, & Goorahoo, 2013; Manzetti & van der Spoel, 2015) . Amendment analyses prior to application can help to minimize this risk, and some governments have regulated heavy metal content of some types of land-applied amendments (Hill, 2005; United States Environmental Protection Agency, 1993) . In addition, nutrients present in amendments, particularly nitrate and phosphate, may be transported to ground and surface waters (e.g., Aguilar & Loftin, 1992; Stout, Weaver, Gburek, Folmar, & Schnabel, 2000; Tejada & Gonzalez, 2008) , where they can negatively impact aquatic life and water quality for human use.
The probability of negative impacts increases if risks are not managed by matching application sites with appropriate amendment compositions and application strategies. For example, nutrients in organic amendments may enhance plant-available nutrients, the risks of which are particularly great in naturally nutrient-poor systems like many rangelands. Nutrient additions in these systems can favor fastgrowing, often nonnative species at the expense of native biodiversity (e.g., Borer et al., 2014; Gea-Izquierdo, Gennet, & Bartolome, 2007; González et al., 2010; Harpole et al., 2016; Seabloom et al., 2015; Stevens, Dise, Mountford, & Gowing, 2004; Suding et al., 2005) . These effects have been observed even with relatively low nutrient inputs (Clark & Tilman, 2008) and even when nutrients are primarily in organically bound forms (Bastida et al., 2008; Blumenthal, Lecain, & Augustine, 2017; Stavast et al., 2005) . Furthermore, over time, decreases in plant diversity or increases in invasive species could potentially reduce primary productivity (Isbell et al., 2013) and/or the seasonal availability and quality of forage (Haferkamp, Grings, Heitschmidt, MacNeil, & Karl, 2001) . Altogether, these considerations suggest that analysis of the potential benefits and risks of organic amendment addition to rangelands-including which types of amendments and sites are likely to maximize benefits and minimize harms-could provide a valuable basis for decision-making in light of increasing interest in this practice.
Here we present a meta-analysis of organic amendment additions to rangelands in arid, semiarid, and Mediterranean climates, synthesizing amendment effects on a suite of ecosystem outcomes. Specifically, we analyzed 11 ecosystem outcomes that had sufficient published data: soil organic C concentration, soil water holding capacity, aboveground net primary productivity (ANPP), plant species diversity, plant tissue nitrogen (N) concentration, soil CO 2 emissions, soil lead (Pb) concentration, plant tissue Pb concentration, runoff quantity, runoff P, and runoff nitrate (Table 1) . We also analyzed nine additional variables (e.g., soil N, cover of annual vs. perennial plants; hereafter "supporting variables") that could inform hypothesized mechanisms for outcomes' responses. After modeling how effect sizes for the eight most data-rich outcomes varied according to climate zone, time since application, amount of amendment applied, and amendment N concentration, we used those models to compare benefits and harms for defined amounts of amendment applied and amendment N concentrations.
| MATERIALS AND METHODS

| Selection of papers
We systematically searched for published field studies that reported effects of organic amendments on one or more ecosystem properties. We first performed a Web of Science search and then identified additional studies by screening cited references in papers obtained.
Gray literature cited by a peer-reviewed paper was considered eligible if it met all other criteria.
We used the following criteria to identify eligible studies: (a) field experiment with control (no amendment) and treatment (amendment) plots; (b) nonforested ecosystem with sufficient plant biomass to support livestock grazing; (c) carbon-based amendment to which synthetic nutrients had not been added; (d) soil not subjected to "severe disturbance" within the 20-year period prior to experiment initiation (as reported by the paper's authors); we considered severe disturbance to include activities such as mining, roadcuts, and agricultural tillage; (e) arid, semiarid, or Mediterranean Köppen-Geiger climate zone (zone B or Cs, as defined by Peel, Finlayson, & McMahon, 2007) ; and (f) reported effect of amendment addition on at least one of 20 prospective response variables (Table 1 ). In our response variables, we included one heavy metal (Pb) rather than a suite of metals in order to keep the total number of response variables manageable; Pb was selected due to its impacts on human and livestock health (Table 3) . Response variables were designated as "outcomes" if they were indicative of ecosystem services whose importance to society had been demonstrated in the literature, while response variables that were less directly indicative of such services, but still potential contributors to mechanisms underlying outcome responses, were designated as "supporting variables."
The general format of the search was (ecosystem descriptor) AND (organic amendment descriptor) AND (climate descriptor) (see Table 2 for specific search terms). In the climate descriptor terms, we included the names of countries containing areas with Mediterranean (Köppen-Geiger Cs) climates, as the descriptors used for this type of climate tended to be less consistent than those used for arid and semiarid (Köppen-Geiger B) climates. Regardless of the search terms they contained, we recorded and mapped the locations of all studies to confirm that they fell within a Köppen-Geiger B (hereafter referred to as "dryland") or Cs climate. The search was conducted in July 2017 and returned 771 papers.
| Data extraction
Multiple papers reporting different response variables or measurement dates were often published about the same set of field plots ("experiment"), and we assigned each observation to an experiment (in addition to recording its source publication) so that we could account for this nonindependence in subsequent analyses. In our data set, an "observation" was defined as a unique combination of response variable + experiment + measurement date + amendment type + amount of amendment applied. For each observation, we extracted response variable means and standard deviations, the numbers of replicate plots, and p-values or other metrics of statistical difference for treatment vs. control comparisons. When these data were solely displayed in figures, we used WebPlotDigitizer (Rohatgi, 2017) to extract them.
We also extracted data from each paper that could potentially explain variation in outcome effect sizes across studies. These data included amendment properties (moisture, organic C, total N, C:N, ammonium, nitrate, total P, extractable P, total K, extractable K, total Fe), site properties (latitude, longitude, climate zone, MAT, MAP, plant community, management during study, and soil properties [soil type, organic C, total N, extractable P, extractable K, total Fe, pH, texture, bulk density]), and implementation details (date of amendment application, date of measurement, amendment description, amount of amendment applied, soil sample depth).
| Data analysis
All analyses were conducted in R (R Core Team, 2018). To avoid multicollinearity and loss of data, we sought to narrow potential predictors to a smaller set of variables that were (a) reported by most studies, (b) not highly correlated, and (c) representative of different categories of variation among studies. Ultimately, we chose five predictors-climate zone, days between amendment application and measurement, amount of amendment applied, amendment total N concentration, and (for soil outcomes) soil sample depth-that were reported for 91%-100% of observations, had relatively low intercorrelations (|r| = 0.016-0.209), and included an amendment property, a site property, and key implementation details. Some of these were strongly correlated with other variables in the same category, suggesting they were at least somewhat representative. For example, T A B L E 1 Sample size for calculation of effect sizes representing the impact of organic amendment addition on a variety of rangeland ecosystem properties (response variables). Response variables were designated as "outcomes" if they were indicative of ecosystem services whose importance to society had been demonstrated (Table 3) . Response variables that were less directly indicative of such ecosystem services, but still potential contributors to mechanisms underlying outcome responses, were designated as "supporting variables." "Experiment" refers to a specific set of field plots; publications in which the same treatments were applied at more than one site were considered to contain more than one experiment. "Observation" was defined as a unique combination of response variable + experiment + measurement date + amendment type + amount of amendment applied. All outcomes and supporting variables listed here were considered to have sufficient data for effect size estimation, which was defined as 10 or more observations from 3 or more experiments. Explanatory models were built for outcomes only (not for supporting variables), and an outcome was considered to have sufficient data for explanatory model construction if 50 or more observations from 5 or more experiments were available. Data for the following outcomes were also sought, but insufficient observations were found to estimate effect sizes: cover of exotic (vs. native) plants (1 observation from 1 experiment found), soil N 2 O emissions field measurement (9 observations from 2 experiments found), and soil CH 4 emissions field measurement (9 observations from 2 experiments found) | 1155 amendment total N concentration was correlated with amendment total phosphorus (P) concentration (r = 0.504) and climate zone was a strong predictor of soil organic C and total N at the application site (t = −17.33 and −18.49, respectively, both p < 0.0001). We considered using a continuous aridity index calculated from MAT and MAP (Quan, Han, Utescher, Zhang, & Liu, 2013) instead of the categorical climate zone, but since the distribution of the continuous predictor was strongly bimodal with peaks corresponding to the two climate zones, we considered the categorical variable a better representation.
Response variables
Number of experiments
Number of publications
Number of observations
Effect sizes were modeled as log response ratios, with variances calculated from means, standard deviations, and replicates as in Hedges, Gurevitch, and Curtis (1999) , without assuming equal variances within treatment and control groups. If neither standard deviations nor SEs were reported but a p-value was provided for the control vs. treatment comparison, we calculated the z-score for that p-value and then calculated variance from the z-score and log response ratio using confidence interval formulas in Hedges et al. (1999) . If the statistical significance of the control vs. treatment comparison was reported as a p-value range (e.g., p < 0.05 or 0.001 < p < 0.01), we estimated the p-value as the midpoint of the reported range (e.g., 0.025 for p < 0.05) and then used this estimate to calculate variance as above.
We then used the log response ratios and their variances to estimate the overall effect size for each outcome and supporting variable using a random effects model implemented with the rma.mv function in the metafor package (Viechtbauer, 2010 ). An outcome or supporting variable was considered to have sufficient data for effect size estimation if 10 or more observations from 3 or more experiments were available. Because many of the studies reported significance as p-value ranges rather than providing standard deviations, and some of the effect size variances were therefore estimated, we chose not to weight the effect sizes by the inverse of variance in these models. All models included experiment and publication within experiment as random effects to reflect nonindependence of observations made on the same plots and/or in the same study. Models for some response variables included an additional random effect to account for differences in measurement methods. Specifically, random effects were included to denote whether soil Pb was measured as extractable or total; whether ANPP was measured as mass or cover; whether plant species diversity was measured as richness, evenness, or an integrated index; whether quantity of soil microbes was measured as biomass or abundance; and whether soil moisture was measured volumetrically or gravimetrically.
For each outcome, we next explored which (if any) of our five predictor variables explained important variation in effect sizes among studies. An outcome was considered to have sufficient data for explanatory model construction if 50 or more observations from 5 or more experiments were available. For some outcomes, few studies had been conducted in Mediterranean climates (i.e., the majority of observations were from dryland climates) and there were thus insufficient data to estimate the importance of climate zone with reasonable accuracy; as such, climate zone was included as a (fixed) predictor only if at least three experiments from each climate zone were available (Supporting Information Table S1 ). Continuous predictors were log-transformed, centered, and scaled prior to analysis. For each outcome, models with all possible combinations of predictors were built using the rma.mv function in the metafor package (Viechtbauer, 2010) within the glmulti function in the glmulti package (Calcagno, 2013) , and model-averaged coefficient estimates were calculated as weighted averages of coefficient estimates from all such models, using model probabilities as weights. Two methods were used to differentiate important from nonessential predictors.
First, predictors were considered important if they had a model-averaged importance ≥0.8, a commonly used cutoff (Everaert, Deschutter, De Troch, Janssen, & De Schamphelaere, 2018; Terrer, Vicca, Hungate, Phillips, & Prentice, 2016; Whittingham et al., 2009 ). Second, predictors were considered important if their estimated 95%
confidence intervals did not overlap 0; these intervals were calculated taking two sources of uncertainty into account (uncertainty within a given model and uncertainty as to which model is "best").
For these explanatory models, we ran models with main effects only as well as models with all two-way interactions among predictors (except soil sample depth, which we viewed as a covariate and included only as a main effect). As many of the data sets had insufficient power to reliably model higher order interactions, we chose to include only two-way interactions in all models to allow straightforward comparisons.
| "Equal inputs" analysis
Because our overall effect sizes were based on subsets of studies with different characteristics (e.g., different median amounts of amendment applied; Supporting Information Table S1 ), they T A B L E 2 Search terms for Web of Science search; the three rows were combined using AND T A B L E 3 Outcomes measured and rationale for whether an increase in their effect size was assumed to be beneficial or harmful to society. Based on evidence and discussions in the literature, we made an assumption about whether the societal consequences of a positive effect size for each outcome would be mostly beneficial or mostly harmful. These assumptions about benefits and harms were used to discuss the results of overall effect size and explanatory models ( Figure 1 , Table 4 ) and predicted outcomes for a set of amount of amendment applied + amendment N concentration scenarios (Figure 4 , Supporting Information Table S5 )
Outcome
Assumption about societal consequences of positive effect size Rationale
Soil organic C concentration Beneficial Improves soil structure, infiltration, and water holding capacity, which reduces runoff and erosion and helps to stabilize downstream water supplies (Fynn et al., 2009; Herrick & Wander, 1998) . Mitigates climate change by storing carbon below ground that could otherwise be released into the atmosphere as CO 2 (Follett & Reed, 2010; Fynn et al., 2009 ). Traps and transforms some pollutants, attenuating their environmental impacts (Herrick & Wander, 1998) .
Aboveground net primary productivity (ANPP) of herbaceous vegetation or Total vegetation cover Beneficial Supports food supply and security (livestock meat) (Yahdjian, Sala, & Havstad, 2015) . Reduces runoff and erosion (Ludwig, Wilcox, Breshears, Tongway, & Imeson, 2005; Wolfe & Nickling, 1993) . Contributes to climate change mitigation by removing carbon from atmosphere, some of which may be transferred to slow-cycling soil pools (Garnett et al., 2017) .
Plant species diversity (richness, evenness, and combined indices) Beneficial More diverse plant communities tend to be more productive and to have more stable productivity over time, resisting the declines in productivity with extreme climatic events that can befall less diverse plant communities (Isbell et al., 2015; Tilman, Reich, & Knops, 2006) . This greater stability supports food security. Also, many people believe that species have value in and of themselves (intrinsic value) (Vucetich, Bruskotter, & Nelson, 2015) .
Plant tissue N concentration
Beneficial Protein is an essential nutrient for livestock nutrition, and crude protein concentration is strongly correlated with nitrogen concentration (National Academies of Sciences, Engineering, & Medicine, 2016). Better livestock nutrition supports food security.
Soil water holding capacity Beneficial Improves stability of plant production, particularly in the face of drought (Duniway, Herrick, & Monger, 2010) , contributing to food security. Greater capacity for storage of incoming precipitation reduces flood risk (Anderson, 1993 Runoff quantity Harmful Runoff increases erosion, which reduces rangeland soil fertility (with implications for long-term productivity and food security) as well as surface water quality (Bartley et al., 2006; Pimentel, 2006) . Runoff also decreases soil water storage, decreasing stability of plant production and increasing flood risk (Wilcox, Maitre, Jobbagy, Wang, & Breshears, 2017) .
Runoff P Harmful P in runoff can stimulate excessive growth of algae and aquatic plants in surface waters, causing eutrophication that can harm aquatic wildlife and fisheries, restrict water use for recreation, reduce drinking water quality, and promote blooms of certain algal species that have negative human health consequences (Sharpley, McDowell, & Kleinman, 2001 ).
Runoff nitrate Harmful
In some waters-especially estuarine, coastal, and marine systems-algal growth is limited by N or is colimited by N and P, such that additional N can be the key factor leading to eutrophication and associated impacts described above (Conley et al., 2009) . High levels of nitrate in drinking water can cause methemoglobinemia ("blue baby syndrome") and potentially other human health impacts (Ward et al., 2005) .
represent the balance of outcomes recorded from studies conducted to date, not the balance of outcomes that might result from a consistent amendment application strategy. As this latter balance is also of interest, we produced predictions from our model sets for a standard set of hypothetical scenarios with set values for all predictor variables. Because amendment application rate and amendment N concentration were the predictors with highest importance in the explanatory models, we constructed scenarios including ranges of values for these two variables. Value ranges (10-50 Mg/ha total amount applied of amendments with 1.2%-3.6% N) for these scenarios were chosen to be relevant to current incentive programs for organic amendment applications on US rangelands (e.g., State of California, 2016), which have focused predominantly on incentivizing compost application at 9-70 Mg/ha (e.g., Haden, Gryze, & Nelson, 2014 , Gravuer & Gunasekara, 2016 . For each outcome, predictions were generated using the multimodel set with lowest AIC value (main effects only or with all two-way interactions). To generate the predictions, time between amendment application and measurement was set to three years in order to model time frames that were well within the range of empirical data (Supporting Information Table S1 ).
Climate-coded in the models as a dummy variable with dryland = 0
and Mediterranean = 1-was set to 0.5.
Once we had generated predictions for the eight outcomes under all 25 scenarios (combinations of 5 amendment application rates and 5 amendment N concentrations), we illustrated one possible system for determining which of the scenarios "maximized benefits" and "minimized harms" (according to our assumptions about societal consequences for each outcome; Table 3 ). To do this, we counted how many of the eight outcomes had positive vs. negative predicted effect sizes, and how many had effect size confidence intervals that did vs. did not overlap zero. The direction of the effect sizes whose confidence intervals did not overlap zero was the primary criterion, and the direction of the effect sizes whose confidence intervals did overlap zero was used to further distinguish among scenarios that had the same result for the first criterion.
Importantly, our concept of "benefits" and "harms" here considers only the direction of the effect sizes; it does not consider effect size magnitudes relative to external benefit or harm definitions (e.g., regulatory standards, ranchers' perceptions of meaningful changes) because such definitions are likely to vary greatly across contexts.
| RESULTS
| Overall effect sizes
For the set of studies meeting our criteria for each outcome (Table 1) , amendment addition increased soil organic C concentration (mean = 1.34×), soil water holding capacity (mean = 1.11×), ANPP (mean = 1.43×), and plant tissue N concentration (mean = 1.15×) (Figure 1a ).
Impacts on plant species diversity were essentially neutral (mean = 0.98×, confidence interval includes 1; Figure 1a ). Amendment addition also decreased runoff quantity (mean = 0.18×) while increasing runoff nitrate concentration (mean = 3.82×), runoff P concentration (mean = 6.07×), soil Pb concentration (mean = 1.61×), and soil CO 2 emissions (mean = 1.14×) (Figure 1b) . Impacts on plant tissue Pb concentration were essentially neutral (mean = 1.01×, confidence interval includes 1; Figure 1b) . Mean values of outcomes in control (unamended) and treatment (amended) plots are in Supporting Information Table S2 . 
| Explanatory models
The five predictors (climate zone, days between amendment application and measurement, amendment application rate, amendment total N concentration, and [for soil outcomes] soil sample depth) together explained significant heterogeneity among effect sizes in all eight outcome models (all tests of moderators p ≤ 0.01; Supporting
Information Table S3 ).
In the models with main effects only (Table 4A) When two-way interactions were included (Table 4B) For other outcomes, fewer interactions made important contributions (Table 4B) . Interactions with high importance included amount of amendment applied × amendment N concentration for plant species diversity, plant tissue N, and runoff quantity, and amount of amendment applied × days application to measurement for runoff quantity and soil Pb.
Among interactions, amount of amendment applied × amendment N concentration was most frequently important and played out somewhat differently among outcomes (Table 4B , Supporting Information Figure S1 ). For plant species diversity and plant tissue N, increasing the amount of amendment applied had a stronger effect for high-N amendments than for low-N amendments, resulting in a steeper decrease in plant species diversity and a steeper increase in plant tissue N (Supporting Information Figure S1a ,b). For soil organic C and runoff quantity, increasing the amount of amendment applied had a stronger effect for low-N amendments than for high-N amendments, resulting in a steeper increase in soil organic C and a steeper decrease in runoff quantity (Supporting Information Figure S1c,d ).
| "Equal inputs" analysis
Within the 3-year modeled time frame, among scenarios we tested, applying relatively high amounts (50 Mg/ha) of relatively low N concentration (1.2%-1.8% N) amendments was predicted to maximize benefits (Supporting Information Table S5 ). Predicted benefits increased with amount of amendment applied for all amendments. Within scenarios having high application amounts, high amounts of low-N amendments increased plant species diversity, whereas high amounts of higher N amendments decreased plant species diversity (Supporting Information Table S5 , Figure 4 , Supporting Information Figure S2 ).
Among scenarios we tested, applying low amounts (10 Mg/ha) of relatively low N concentration (1.8% N) amendments was predicted to minimize harms (Supporting Information Table S5 ). As for benefits, predicted harms increased with amount of amendment applied.
However, predicted harms had a more complicated relationship with amendment N concentration: runoff nitrate and runoff P increased with amendment N concentration, whereas soil Pb decreased. At low amounts applied, a moderately low-N (1.8%) amendment was a compromise between these trends, with all three harms being less certain (Supporting Information Table S5 ).
Overall, a trade-off between minimizing harms and maximizing benefits was apparent: the scenario that minimized harms also minimized more certain benefits, while the scenarios that maximized benefits also had among the highest numbers of harms. However, keeping amendment N concentration low appeared to avoid the harm to plant species diversity that was likely at high rates of high-N amendments (Figure 4 , Supporting Information Figure S2 ). Log response ratio F I G U R E 1 Overall effect sizes (log response ratios) for the effect of organic amendment addition on rangeland ecosystem outcomes, based on a meta-analysis of published studies. Point sizes are proportional to the number of observations upon which each effect size is based (Table 1) . The x-axis is inverted in (b) relative to (a) so that assumed societal benefits are on the right side of the figure and assumed societal harms are on the left side of the figure in both cases. The x-axis shows the natural log of the response ratio, which was used in all quantitative analyses, whereas Results text describes raw response ratios, which have more intuitive application. Because data on each outcome were reported by different subsets of studies (Supporting Information Table S4 ), these effect sizes should not be additively compared (e.g., soil organic C and ANPP cannot be directly compared to soil CO 2 emissions) GRAVUER ET AL.
| DISCUSSION
| 1159 materials (e.g., uncomposted biosolids) in many contexts. However, the amount of amendment applied, regardless of its N concentration, still showed an apparent trade-off, in which lower application amounts minimized harms but also minimized benefits, and higher application amounts maximized benefits but also increased probability of harms. Although we synthesized data on several C pools and fluxes, the scarcity of studies on net ecosystem C balance was a limitation preventing calculation of effect sizes for this outcome.
| Benefits and harms in the "equal inputs" analysis
To compare benefits and harms among modeled scenarios, we chose one of a variety of possible methods: tabulating the direction of modeled effect sizes and whether they statistically differed from zero (Supporting Information Table S5 ). Importantly, statistically significant effects may or may not be meaningful relative to management goals at any given site. Other criteria may be useful in assessing whether these effects are meaningful for specific goals or contexts. For example, translating ANPP effect size into animal unit months at a site may inform whether the predicted forage productivity boost is meaningful for animal production. At sites where plant community composition is a particular concern, appropriate N critical loads (Fenn et al., 2010 ; Ochoa-Hueso et al., 2011; Simkin et al., 2016) may be a useful complement to the plant diversity effect size, as local factors such as soil type will also be important, diversity indices do not capture all plant community changes, and longer-term effects may differ from those we modeled. Thus, while we have illustrated one way of evaluating the balance of benefits and harms, we emphasize that these results are best considered in reference to the values and goals governing the management of the specific application site.
| Climate change mitigation (net ecosystem C balance)
Considering potential benefits of amendment application, we found the largest number of observations for soil organic C and ANPP, with increases in these outcomes consistently reported. Although these are promising indicators of climate change mitigation potential, they do not demonstrate mitigation by themselves. Increases in CO 2 emissions-from decomposition of the amendment, increased root respiration, and potential consumption of existing soil organic mattercould offset at least some of the plant and soil C gains. Our effect size estimates for soil organic C and ANPP were larger than for fieldbased CO 2 emissions, but because these measurements derived from different subsets of studies, they cannot be directly compared. Furthermore, changes to N 2 O and CH 4 emissions must also be considered (e.g., Louro, Cárdenas, García, & Báez, 2016 , Nichols et al., 2016 and, importantly, the short-term nature of many published measurements limits understanding of longer-term mitigation potential. Further studies of how ecosystem greenhouse gas fluxes are affected by amendment addition (e.g., , Ryals et al., 2015 , ideally over decades and across a range of sites and conditions, are needed to better understand the climate change mitigation potential of this practice. Additionally, life cycle assessments (e.g., DeLonge et al., 2013 ) that compare rangeland amendment application to other potential amendment uses (e.g., on croplands, restoration sites, or urban landscapes) would be helpful. Including transportation emissions is important in these comparisons because, on average, transport distances from compost facilities to rangelands may be different than distances to croplands or urban centers. Planning efforts may also benefit from comparing the climate change mitigation potential of this practice to that of other land-based practices such as changes in forest management (e.g., Cameron et al., 2017) .
| Soil organic carbon
The increases in soil organic C that we recorded were remarkably consistent: 233 of 244 observations had response ratios >1, and 134 of these observations had a full 95% confidence interval >1.
This may seem surprising given the relatively short median time between amendment application and measurement (Supporting Information Table S1 ); for more than half of observations, <2 years had elapsed, whereas management-induced soil C increases often take 3 years or more to become apparent (Diacono & Montemurro, 2010; Smith, 2004) . Within the methods descriptions of contributing studies, few authors described removing pieces of the amendment 
Overall effect sizes (log response ratios) for the effect of organic amendment addition on supporting variables, based on a meta-analysis of published rangeland studies. Point sizes are proportional to the number of observations upon which each effect size is based. As in Figure 1 , the x-axis shows the natural log of the response ratio, whereas Results text describes raw response ratios, which have more intuitive application. Again, because data on each variable were reported by different subsets of studies (Supporting Information Table S4 ), these effect sizes should not be additively compared (e.g., soil respiration cannot be directly compared to soil microbial biomass)
itself from soil during sample processing, so at least some of the soil C increase is likely residual amendment material. Furthermore, although a few studies reported an increase in physically protected pools of soil C (Nicolás, Kennedy, Hernández, García, & Six, 2014; Ryals et al., 2014) and some others reported increases in aggregate stability (Ros et al., 2001 , Caravaca, Garcia, Hernández, & Roldán, 2002 Caravaca, Figueroa, Alguacil, & Roldán, 2003; T A B L E 4 Multimodel-averaged coefficients from explanatory models. Hatching indicates that a predictor was not included in models for an outcome. Continuous fixed predictors were log-transformed, centered, and scaled prior to analysis. For each outcome, two methods were used to differentiate important from nonessential predictors. First, predictors were considered important if they had a model-averaged importance ≥0.8, a commonly used cutoff (Everaert et al., 2018; Terrer et al., 2016; Whittingham et al., 2009 ). Second, predictors were considered important if their estimated 95% confidence intervals did not overlap 0; these intervals were calculated taking two sources of uncertainty into account (uncertainty within a given model and uncertainty as to which model is "best") and were more conservative. In the tables below, darker shading indicates that a predictor was important according to both metrics, whereas lighter shading indicates that a predictor was important according to the importance ≥0.8 metric only. (A) Models with main effects only. For outcomes for which a positive effect size was an assumed benefit to society, important predictors with positive coefficients are shaded in blue and important predictors with negative coefficients are shaded in orange. For outcomes for which a positive effect size was an assumed harm to society, important predictors with positive coefficients are shaded in orange and important predictors with negative coefficients are shaded in blue. Thus, the overall benefits and harms of a particular predictor are indicated by its shadings: for example, increasing the amount of amendment applied is estimated to contribute to benefits for four outcomes (soil organic C, aboveground NPP, plant tissue N, and runoff quantity), to contribute to harms for two outcomes (runoff nitrate and runoff P), and to make less important contributions for two outcomes (plant species diversity and soil Pb). (B) Models with all two-way interactions. Here, predictors important according to the "importance ≥0.8" metric only are indicated with light gray shading and predictors important according to both that metric and the "estimated 95% confidence interval excluding 0" metric are indicated with dark gray shading. No assumptions about benefits or harms are indicated for these relationships, as the inclusion of interactions complicates the interpretation of a positive or negative coefficient. [Colour The transfer of amendment and plant C into protected soil C pools is mediated by soil microbial communities. Although we documented an increase in microbial biomass with amendments, suggesting a potential for increase in protected soil C pools, published data were insufficient to calculate effect sizes for other microbial parameters. Studies to date indicate that amendments can decrease fungal to bacterial ratios, increase growth efficiency, and decrease diversity of bacterial and fungal communities (Bastida, Selevsek, Torres, Hernández, & García, 2015; Dennis & Fresquez, 1989; . However, amendment effects on microbial function can vary by amendment and soil type Tarrasón et al., 2010) . Further research may illuminate the most promising amendment application strategies for microbially mediated benefits such as protected soil C pools.
In the explanatory models of soil organic C and ANPP, interactions among several predictors had high importance, suggesting that a complex interplay of factors may determine effect sizes. Soil organic C changes reflect changes in plant inputs and processes affecting their stabilization, as well as decomposition of the amendment over time.
Other processes could also play a role, potentially including decomposition of existing soil organic matter due to priming from labile fractions of amendment C, which could in theory last for days or weeks following precipitation events (Kuzyakov, 2010; Lai et al., 2013) ; however, empirical tests suggest priming from amendment C is not common (Cross & Sohi, 2011; Sikora & Yakovchenko, 1995) .
High-N amendments would be expected to decompose more quickly because decomposition would be less likely to be N-limited (Averill & Waring, 2018; Melillo, Aber, & Muratore, 1982; Zhang, Hui, Luo, & Zhou, 2008) . High-N amendments would also be expected to provide more nutrients that could spur plant growth, such that low-N amendments might provide a greater soil C boost in the shorter term (due to their slower decomposition) while high-N amendment might provide a greater soil C boost in the longer term (as increased plant inputs are gradually converted into soil C), as was indeed the case in our models (Figure 3b) . Finally, although the trend for low-N amendments suggests that they may provide negligible soil C benefits on longer time scales, we would reiterate the general caveat that because relatively few long-term observations were available (Table S1 ), these models have limited power to predict long-term trends.
| Aboveground net primary productivity (ANPP)
Amendment addition can promote plant growth via several mechanisms. First, surface-applied amendments can act as a mulch that reduces soil moisture loss (Cabrera et al., 2009; Whitford, Aldon, Freckman, Steinberger, & Parker, 1989) ; mulching effects on plant growth might be greatest where amendment decomposition is Second, amendment nutrients can gradually enter the soil nutrient pool that is available to plants; available nutrient increases might be greatest where precipitation is high enough to promote nutrient mineralization and transport to plant roots but not so high as to promote nutrient loss via runoff or leaching.
In our analysis of the predominantly short-term (75% <3 years from application) data available, the ANPP boost provided by the amendment increased over time at Mediterranean sites but decreased over time at dryland sites ( Figure 3c) ; this decrease in ANPP boost over time was also observed in two dryland experiments for which both short-and long-term observations were available (Albaladejo et al., 2000; Bastida et al., 2013; Blumenthal et al., 2017) , although some boost was still apparent in most of the measurements made after a decade or more. These differing trends might reflect a relatively greater importance of the mulching effectpresumably highest initially and decreasing gradually over time as the amendment decomposes-at dryland sites, and a relatively greater importance of nutrient provision-which could increase over time as plant nutrients are recycled-at Mediterranean sites, although other explanations are possible. Indeed, we found that soil total N and extractable P increased over time in explanatory models we built for these variables (data not shown). From these ANPP model predictions, it may be tempting to infer that one-time amendment additions could yield greater long-term ANPP benefits at
Mediterranean sites than at dryland sites, but because relatively few long-term observations were available, especially from Mediterranean sites, we again caution that these models have limited power to predict long-term trends. Finally, if plant diversity decreases or invasive species increases were to reduce ANPP (e.g., Isbell et al., 2013) , those effects may not be apparent in this data set given the predominance of short-term observations.
| Plant species diversity
Although addition of inorganic N and/or P often reduces plant species diversity (e.g., Harpole et al., 2016; Suding et al., 2005) , organic amendment addition did not significantly change plant species diversity-as measured by richness, evenness, and indices combining these two metrics-on average across studies that met our criteria (Figure 1 ). However, nearly 30% of individual effect sizes showed significant diversity decreases (compared to 5% showing significant increases). Our results may differ from studies of inorganic N and/or P addition because most of the N and P in many organic amendments is in organically bound forms not immediately available to plants. There are exceptions such as manure slurries in which more nutrients are in available forms, but such amendments comprised the minority of our data set. Some organically bound nutrients will be converted to plant-available forms over time. However, the majority of published observations were made <2 years after amendment application, when amounts of plant-available N and P released are likely to have been much less than in most inorganic N and P addition studies. Consistent with this reasoning and with previous F I G U R E 4 Modeled effect sizes (log response ratios) at 3 years after application for outcomes under three amendment amount + N concentration scenarios. Outcomes for which positive effect size is an assumed societal benefit are shown in (a) and outcomes for which positive effect size is an assumed societal harm are shown in (b). As in Figure 1 , the x-axis is inverted in (b) relative to (a) so that assumed societal benefits are on the right side of the figure and assumed societal harms are on the left side of the figure in both cases. The black squares represent the "minimize harms" scenario (10 Mg/ha of 1.8% N amendment), the gray circles represent a "maximize benefits" scenario (50 Mg/ha of 1.8% N amendment), and the white triangles represent a scenario that "maximizes harms" (50 Mg/ha of 3.6% N amendment)
studies showing higher rates of species loss at higher rates of applied N (e.g., Isbell et al., 2013) , the decreases in plant species diversity we found were particularly apparent in studies with relatively large amounts of high-N amendment applied (Supporting Information Figure S1a ), which were also the conditions under which plant tissue N increased most (Supporting Information Figure S1b ).
For studies reporting that plant diversity did not change 1 or 2 years after amendment application, it is difficult to predict whether such changes may emerge in the longer term. Experiments involving repeated relatively low amounts of inorganic N addition over timesomewhat analogous to the gradual mineralization of amendment organic N to plant-available forms, if not a perfect proxy-have found that losses of plant species diversity not detected in the short term may become apparent in the longer term (e.g., after 8 years; Clark & Tilman, 2008) . Similar patterns have been observed in response to N deposition (e.g., Dise et al., 2011; Stevens et al., 2010) . Unfortunately, few organic amendment addition studies have reported both short-and long-term observations of plant species diversity. The one study we found with repeated measurements of this nature (Gazol et al., 2016 ) did find increasing species loss over time following biosolids addition, which trait analyses suggested was due to competitive exclusion. Additionally, Blumenthal et al. (2017) , although not measuring plant species diversity, reported increasing relative biomass of the invasive Bromus tectorum when repeatedly measured over time in plots amended with composted manure;
B. tectorum has elsewhere been linked with plant diversity loss (Duncan et al., 2004) . Nevertheless, the longest-term plant diversity measurements we found for low-N amendments (0.70%-1.85% N), made after 4-23 years, showed a mixture of results (Bastida et al., 2013; González Polo, Kowaljow, Castán, Sauzet, & Mazzarino, 2015; Walter, Martínez, & Cuevas, 2006) , suggesting that there may be some threshold amendment N content below which plant species diversity decreases would not be expected, even in the long term. However, use of such low-N amendments may also result in reduced ANPP benefits. More long-term observations of plant species diversity and ANPP in low-N-amendment-addition plots are needed.
An additional caveat for interpreting the plant species diversity results is that attributes of plant communities important to biodiversity conservation and other goals on rangelands-for example, cover of exotic relative to native species-may be changing even when plant species diversity is not, with potential consequences for ecosystem stability and function (Avolio et al., 2014) . We extracted data on the percent cover of grasses vs. forbs, exotics vs. natives, and annuals vs. perennials, but most of the observations could not be used because they lacked variance information. In the observations that could be analyzed, we observed a trend toward greater cover of annuals relative to perennials, which would be a negative conservation outcome in at least some rangeland systems (Newman, Krzic, & Wallace, 2014; Stromberg, Corbin, & D'Antonio, 2007) .
Furthermore, grasslands in Mediterranean systems in particular tend to be exceptionally botanically diverse with many endemic and spatially restricted species at high risk of extirpation due to land use change and management (Cowling, Rundel, Lamont, Arroyo, & Arianoutsou, 1996) . However, although soil (notably poor soil) and climate are known to be key drivers of community composition, the environmental determinants of plant species distribution and richness are not fully understood at fine scales (Baldwin et al., 2017) , making it difficult to predict how amendment addition may affect landscape-level diversity. In addition, because these systems exhibit nonequilibrium characteristics (Spiegal, Huntsinger, Hopkinson, & Bartolome, 2016) , system changes, including species loss, are often difficult or impossible to undo. Taken together, these ecological characteristics suggest a precautionary approach to organic amendment application might be appropriate for diverse native grasslands.
| Runoff quantity and quality
A beneficial outcome from several perspectives was the steep reduction in runoff observed, which would benefit water storage in rangeland soils, in turn supporting resilient forage productivity, as well as benefitting surface water quality. However, particularly in areas where infiltration has not been degraded by past management, it is possible that substantial increases in infiltration and decreases in runoff over large areas could alter stream flows, with potential consequences for aquatic wildlife and humans who depend on those water supplies. It is therefore important to evaluate predicted changes in runoff in the context of the overall hydrology and management goals of the application site.
The steep reduction in runoff brought about by amendments may mitigate the increases in runoff concentrations of nitrate and P that they also tend to cause, such that nutrient exports from amended vs. unamended areas might be comparable. Unfortunately, we could not quantify nutrient export effect sizes, because the majority of studies provided runoff quantity and nutrient concentration information separately (i.e., with no variance information for export). Nutrient concentrations from soil leachates were also outcomes of interest, as potential nutrient transfers to groundwater are another possible harm that could result from amendment addition.
However, as we found no studies using field lysimeters or other appropriate methods to measure this outcome, it remains an important data gap.
Organic amendments can reduce runoff in at least two major ways: the presence of the amendment itself on the soil surface can increase infiltration and water holding capacity, and the amendment can boost vegetation growth which slows surface water movement and increases infiltration. Within the particularly short time frame of many runoff studies (median application to measurement time = 6 months), increasing the amount of amendment applied provided a greater relative runoff reduction benefit for low-N amendments compared to high-N amendments (Supporting Information Fig- ure S1d). This suggests that more amendment might provide a greater relative boost for the former runoff reduction mechanism (effect of amendment itself on infiltration and water holding capacity) than for the latter mechanism (stimulation of vegetation growth by the amendment), although these patterns might differ over the longer term. Interestingly, soil organic C effect size showed a parallel pattern for the interaction between amount of amendment applied and amendment N concentration (Supporting Information Figure S1c ), as might be expected if amendment decomposition patterns were driving total soil organic C measurements at the time when most measurements were taken, and lower N amendments were decomposing more slowly (Averill & Waring, 2018; Melillo et al., 1982; Zhang et al., 2008) . Nevertheless, the association of higher amendment N with a greater amount of runoff reduction overall (Table 4A) suggests that amendments with greater ability to stimulate vegetation growth might ultimately provide more runoff reduction.
| Applications
With growing interest in organic amendment application to rangelands-especially as a mitigation and adaptation strategy to address global change impacts such as dryland expansion and degradationunderstanding ecosystem-wide outcomes of these applications is increasingly important. We found that organic amendment application, at least as it has been studied to date, results in mixtures of benefits and harms, with low-N amendments helping to maximize benefits and minimize harms according to the specific definitions and framework we used. Climate zone, the only site descriptor included in our explanatory models, had some significant interactions with other predictors, suggesting that the same amendment application might result in somewhat different patterns of benefits at dryland as compared to Mediterranean sites and that different results might be found in climate zones other than those we analyzed.
At the same time as outcomes of amendment application can be context dependent, so too can the values that landowners assign to different benefits and harms. Given the diversity of rangeland management goals (Roche et al., 2015) , we recommend a careful matching of amendment application strategy to rangeland site context. For example, in a stream-dissected rangeland with high native plant diversity, managers who value water quality and biodiversity may decide to forego amendment application. In a rangeland area where heavy grazing has reduced plant cover and increased runoff, but which still has potential to support native species, a low-N amendment might be preferred. On a retired agricultural field that has been converted to livestock pasture use, managers may apply higher amounts of whatever amendments are available and affordable so that benefits such as greater ANPP can be realized quickly. Tailoring amendment application strategies to initial site conditions and future site goals would also be important for restoration or rehabilitation projects-for example, converting former mines into grasslandswhere there is often considerable potential for benefits (Ohsowski, Klironomos, Dunfield, & Hart, 2012) , but also some risk of harms, if, for example, high-fertility conditions coincide with low plant cover.
Given the multifunctionality of rangeland landscapes, many rangeland managers are familiar with the process of weighing potential benefits and harms of new management practices across multiple economic and ecological outcomes. Quantitative analyses synthesizing a practice's effect on multiple outcomes-such as the one we have presented here-can provide important assistance with this process. These analyses can also identify critical data gaps, such as the urgent need for more long-term studies and more comprehensive assessments of climate change mitigation potential; indeed, confidence in predicting long-term outcomes of rangeland amendment application will remain limited until such data are available. For broader planning efforts, additional studies comparing the potential of this practice vs. others to meet identified goals will provide important context for our findings. In addition, more studies comparing the benefits and harms of applying amendments to rangelands vs. croplands, pastures, restoration sites, or urban lands would be valuable, especially since some potential harms, such as plant diversity impacts, may be less of a concern on these other land types. Ultimately, leveraging this information to develop site-appropriate strategies will enable potential opportunities from rangeland management practices such as organic amendment addition to be realized while minimizing risks.
